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Comparison and Standardization of Soil Enzyme Assay for Meaningful Data Interpretation 1 
 2 
ABSTRACT 3 
Data interpretation and comparison in enzyme assays can be challenging because of the 4 
complex nature of the environment and variations in methods employed.  This letter provides an 5 
overview of common enzyme assays, the need for methods standardization, and solutions 6 
addressing some of the concerns in microplate fluorimetric assay approaches.  7 
Keywords: 8 
Soil enzyme; Bench-scale chromogenic assay; Microplate fluorometric assay; 4-9 
Methylumbelliferone; p-Nitrophenol; Method standardization  10 
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1. Introduction 12 
There is growing interest in understanding enzymes in the environment, as ecosystems are 13 
functionally systems of stored, immobilized enzymes (Burns et al., 2013).  Chromogenic and 14 
fluorogenic model substrates have long facilitated enzymology research in biological sciences. 15 
Chromogenic enzyme assays at the bench scale, e.g., using p-nitrophenol (pNP) (Tabatabai and 16 
Bremner, 1969), have been well tested and widely accepted for use in soils, and are regarded by 17 
many scientists as classic methods (Tabatabai, 1994; Nannipieri et al., 2002; Dick, 2011).  18 
Microplate format assays were introduced in the early 1990s by several researchers (Wirth and 19 
Wolf, 1992; Kremer, 1994; Freeman et al., 1995) and quickly gained popularity, leading to 20 
further evaluations on different soils and enzymes (Sinsabaugh et al., 2000; Marx et al., 2001; 21 
Pritsch et al., 2004; Kramer et al., 2013).  Microplate format assays employ chromogenic or 22 
fluorogenic substrates (Wirth and Wolf, 1992; Freeman et al., 1995).  The latter gained wider 23 
use and acceptance, largely due to high sensitivity and the potential for simultaneous assays of 24 
multiple enzymes in the same sample (Marx et al., 2001; Giacometti et al., 2014; Boeddinghaus 25 
et al., 2015).  Meanwhile, microplate fluorimetric approaches also raised concerns about data 26 
accuracy and reproducibility, which stimulated interest in validating data with bench scale 27 
assays (Marx et al., 2001; Drouillion and Merckx, 2005; Popova and Deng, 2010).  To address 28 
some of these concerns, it is important to (1) review basic principles and the fundamental 29 
science underpinning enzyme assays; (2) discuss inconsistency and concerns underlying the 30 
need for comparison and standardization; and (3) seek solutions.  This letter will focus on 4-31 
methylumbelliferone (MUF) microplate assays for enzyme activities in soil and environmental 32 





































































2. Fundamentals in enzyme assays 35 
Activities of soil enzymes are often determined by incubating buffered soil suspensions with 36 
chromogenic or fluorogenic substrate analogues, followed by quantification of the released 37 
chromogenic or fluorogenic products calibrated over incubation time.  Important properties 38 
relevant to quantitative detection of these compounds include their solubility in the reaction 39 
matrix and sensitivity to pH for their detection.  p-Nitrophenol is colorless at pH <5.6 and yellow 40 
at pH >7.6.  Therefore, quantification of pNP in a matrix with pH < 7.6 is not possible, and 41 
alkalinization is necessary in this case.  MUF is practically insoluble in cold water, but soluble in 42 
methanol and ethanol.  Therefore, solubilizing MUF model substrates in an organic solvent such 43 
as methylcellosolve has been employed (Freeman et al., 1995).  However, its sodium salt 44 
(C10H7O3Na, MW 198.2) is freely soluble in water, making the assay more straightforward as 45 
most enzyme assays are performed in an aqueous matrix.  Fluorescence is also known to be 46 
affected by pH and temperature (Lakowicz, 1983), with relative fluorescence signal increasing 47 
with increasing temperature, and peaks between pH 10 to 11 (Deng et al., 2013).  Consequently, 48 
quantitative detection of MUF requires treating standards, blanks, and samples in exactly the 49 
same manner and measuring in the same matrix under the same conditions (Deng et al., 2011).   50 
 51 
3. The need for method comparison and standardization 52 
Different methodological approaches may be employed in assaying enzymes in soil and 53 
environmental samples, such as bench scale vs. microplate format, end-point detection or 54 
monitoring changes in product released during incubation, incubation at pH optimal to the 55 
enzyme or native to the soil under evaluation, and incubation at physiological temperature of 56 
37
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inconsistencies that currently exist, method standardization will undoubtedly lead to enhanced 58 
data comparison across studies.   59 
For MUF-microplate assays, common concerns include quenching of MUF in soil and 60 
environmental samples (Freeman et al., 1995), the lack of assay replications and standardized 61 
procedures for the preparation and pipetting of soil suspension, statistical errors intrinsic to 62 
micro-scale assays, pH employed during incubation and detection, and whether or not 63 
alkalization is performed prior to fluorescence detection.  Freeman et al. (1995) noted dominant 64 
fluorescence quenching effects of phenolic compounds in peat.  To date, most MUF-based 65 
microplate assays do not include assay replicates of soil suspensions.  Although replicates up to 66 
16 wells are often carried out, all samples originated from the same soil suspension.  The well-67 
recognized heterogeneous nature of soil and environmental samples makes the use of about 68 
0.000833 g soil in each assay well unrepresentative and a source of potential major analytical 69 
error, comparing to 1 to 5 g soil per assay in the pNP- and other bench assays.  Because of the 70 
high sensitivity in detection, it is also possible in MUF-microplate assays to quantify enzyme 71 
activities by incubating at the pH and temperatures that are native to the environments where 72 
samples were taken.  Although MUF is known to be pH sensitive with signals peaking between 73 
pH 10 to 11, it has been argued that alkalization is not necessary prior to detection because of the 74 
high sensitivity (Marx et al., 2001; German et al., 2011).  Changes in fluorescence were detected 75 
at pH 6.1 (Marx et al., 2001) and even pH 4.5 (German et al., 2011) when fluorescence was very 76 
low (Chrost and Kcrambeck, 1986; Deng et al., 2013).  However, it needs to be recognized that if 77 
incubation temperatures and pHs are not consistent among samples, treatment effects may be 78 




































































Eliminating alkalization prior to detection makes it possible to quantify enzyme activities by 80 
monitoring changes in fluoresce over time.  In principle, this is more accurate being based on 81 
multiple data points, compared with end-point determination based on one data point.  Often, 82 
alkalization was accomplished by the addition of NaOH, as in the pNP bench assays.  83 
Unfortunately, MUF is not stable in the presence of NaOH, requiring detection within minutes 84 
(Drouillion and Merckx, 2005) and adding challenges in obtaining reproducible data. 85 
The need for method comparison and standardization is amply evidenced.  Surveying articles 86 
published since 2000 on -N-acetyl-glucosaminidase activities in different soils across studies, 87 









 (Creamer et al., 2009) in MUF-microplate assays and from 101 (Ekenler and Tabatabai, 89 




 (Acosta-Martinez et al., 2004) in pNP-bench assays.  The highest 90 
reported activities in MUF-microplate assays were over a thousand times higher than the highest 91 
reported activity from pNP-bench assays.  Since these activities originated from different soils 92 
assayed by different researchers, it cannot be ruled out that activities of this enzyme vary widely 93 
among soil types.  However, a comparison of phosphomonoesterase activity using pNP- and 94 
MUF-based substrate analogues in 15 different soils found that activities in MUF-microplate 95 
assays were up to 100 times higher than with pNP-bench assays in the same soil (Drouillion and 96 
Merckx, 2005).  In principle, sensitivity of detection methods should not affect the activities 97 
determined.  For meaningful data comparison and interpretation, further evaluations of MUF-98 
microplate format assays and method standardization are essential in advancing enzymology 99 
research. 100 
 101 




































































When assay conditions were carefully controlled, activities of different enzymes in diverse 103 
soils measured by MUF-microplate and pNP-bench assays were within the same order of 104 
magnitude and significantly correlated (Deng et al., 2013; Dick et al. 2013).   105 
1) Sensitivity: In the presence of soil suspension, as little as 50 pmol of MUF (compared to 106 
16.28 nmol of pNP) can be detected in each assay (Deng et al., 2013).  However, the limit 107 
of quantification (LOQ) for quantifying enzyme activities using the MUF-microplate 108 
approach was about twice of that for the pNP-bench approach, suggesting that pNP-109 
bench assays are more sensitive when assaying soils with relatively low enzyme 110 
activities. 111 
2) Preparation and pipetting of soil suspension: The size and shape of the beaker, soil:water 112 
ratio, size of the stir bar, and stirring speed and time should be standardized (Deng et al., 113 
2013; Dick et al., 2013). 114 
3) Quenching: Developing a MUF standard curve in the presence of the assayed soil and 115 
under the identical conditions for assaying samples.  For example, fluctuation of room 116 
temperature could affect the detection of fluorescence because fluorescence decreases 117 
with increasing temperature due to an increase in molecular collisions and subsequent 118 
transfer of energy (Guilbault, 1990).  As discussed before, “The key for quantitative 119 
measures using the MUF-based method is to develop a calibration curve for each soil 120 
and each batch of assays using the same reagents under identical assay conditions” 121 
(Deng et al., 2011; Deng et al., 2013). 122 
4) Alkalinization: Modified universal buffer (MUB, pH 10-12) can be used in the place of 123 
NaOH because the relative fluorescence signal of MUF were stable in MUB for at least 124 




































































5) Methods comparison and standardization: In 2010, the International Organization for 126 
Standardization published method ISO/TS 22939:2010 in the effort to standardize 127 
fluorometric microplate enzyme assay methods for soil.  Unfortunately, some of the 128 
raised concerns discussed above are not addressed.  The method implied that pH for 129 
incubation can be in situ or buffered to optimize activity of the assayed enzyme.  130 
However, the effect of pH on the detection of fluorescence was not considered.  There 131 
was also no mention of replicating the assay utilizing multiple soil suspensions.  More 132 
recently, Richard Dick led a cross-laboratory comparison of fluorescence microplate 133 
enzyme assay, involving all co-authors of this paper (unpublished).  Results from this 134 
study will further the effort in method standardization.   135 
In conclusion, progress has been made in developing an accurate and standardized approach 136 
to enzyme activity measurement, but more work is needed.  For example, although changes in 137 
fluorescence may be detectable without alkalization, there remains uncertainty as to whether the 138 
enzyme activities determined with and without alkalization are comparable.  Linking enzyme 139 
activities to ecosystem functions demands valid and comparable data, coupled with effective 140 
statistical analysis and compelling mathematical models.  Method standardization is the first step 141 
towards meaningful data comparison and interpretation. 142 
 143 
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